An estimated 6 million people in the United States have an unruptured cerebral aneurysm [1] . If left untreated, these aneurysms can rupture and to lead to severe brain function impairment or even death. Shape memory polymer (SMP) foams have been proposed for use to optimize endovascular embolization in place of current embolization devices [2, 3] .
Methods
For material synthesis, 2-butyl-2-ethyl-1,3-propanediol (BEP) and diethylene glycol (DEG) from Sigma-Aldrich Inc.; hexamethylene diisocyanate (HDI) from TCI America Inc.; AT from VWR Scientific; DCI990, BL22, and T131 from Air Products and Chemicals, Inc.; and Enovate 245fa Blowing Agent from Honeywell Intl., Inc. were used as received.
The radiopaque foams were made using an equal molar ratio of AT, BEP, and DEG total reactive equivalents (Xeq) to total HDI isocyanate (NCO) equivalents. The total NCO mass was added to 60% of the Xeq monomers and reacted at room temp until the premix viscosity achieved approximately 10,000 cps. The balance of Xeq monomers were added to the NCO premix along with surfactant, amine catalyst, and tin catalysts at 4, 1.5, and 0.3 wt%, respectively. The mixture was mixed at 3600 rpm using a Flacktek speed mixer (FlackTek, Inc.) for 30 s, and subsequently mixed with 0.0625 ml/g of Enovate for another 20 s. The foam was immediately cured at 90 °C for 1 hr. The foams were then cooled and cubed, then left to post-cure at 90 °C for 24 hr.
Glass transition temperatures (T g ) (n=3) were determined using a Q200 DSC (TAInstruments). Dry T g runs used a 4 mg sample in a vented aluminum pan run through a heat/cool/heat cycle from -40 °C to 120 °C at temperature ramp rates of 10 °C/min. T g was determined to be the transition inflection point during the second heat cycle.
Polymer crosslinking was quantified through gel fraction analysis. Each foam composition was analyzed at an n=5. The foams were massed, then heated at 50 °C for 24 hours in tetrahydrofuran (THF). The polymer gels were transferred to an empty vial and dried at 50 °C under vacuum to remove residual solvent. Gel fraction is reported as the ratio of the final dried polymer mass to the original polymer mass.
Foam mechanical properties were tested at room temperature using an Insight 30 Material Tester (MTS Systems Corporation, Eden Prairie, MN) using a strain rate of 5 mm/min. Strain at break (%), Young's modulus (MPa), and ultimate stress (kPa) were determined per sample using the stress-strain curve. An n=8 was used for the 25% AT foam.
Material opacity was assessed using a OEC 9800 Plus Mobile C-arm fluoroscope from GE at 62 kVp. Samples of each composition were cut into 1 cm 2 pieces with thicknesses of 9mm, 3mm, and 1mm. Device prototypes consisting of 2 mm diameter 25% AT foam cylinders threaded over 200 µm nitinol wire were included on the frame in both their expanded and axially crimped state. Axial crimps were conducted with an SC250 heated stent crimper (Machine Solutions, Flagstaff, AZ) by heating the material to 70°C in the crimper bore for 15 minutes, radially compressing the material at 50 psi, and constraining the material as it cooled to ambient temperature. Samples were imaged in comparison to an industry accepted control Guglielmi detachable coil (GDC10) [6] . Samples were adhered to a polypropylene sheet and imaged through a 0.5" aluminum plate as an analog for human skull x-ray attenuation [7] .
Five cylindrical samples (4mm diameter, 1 cm length) of 25% AT foam were axially compressed over nitinol wire and immersed in 37°C water for 30 min and imaged every 30 s. ImageJ was used to analyze the diameter over time.
Results
As seen in Fig. 1 , all foam compositions were shown to demonstrate x-ray visibility. However, the relationship between opacity and amount of AT cannot be concluded due to a reverse trend in material density. Changes in material density affect the path length of x-ray attenuation, making the more dense foams appear equally opaque when compared to lower density foams with higher contrast agent loading.
Full expansion of crimped 25% AT foam samples took place within 30 s of exposure to 37°C water (Fig. 2) . Although these results show that the foams exhibit shape memory (Fig. 2) , the 30 s response to body temperature is not ideal for catheter delivered embolic medical devices. Thermal characterization of the foam compositions showed an increase in T g with an increase in AT concentration (Table 1) . However, these T g 's should be increased in the future to enable longer working times before the expanding device binds in the delivery catheter. Material gel fractions are also below ideal values. Low crosslinking negatively impacts shape memory capacity and increases the risk for unreacted constituents to leach into the body. Tensile testing demonstrated significant increases in toughness for the AT foams compared to 6 vol% W nanoparticle composite foams (Fig. 3) . This increase in toughness mitigates risk for material fracture that can lead to harmful embolic particulate generation during endovascular delivery. 
Interpretation
An SMP system with a chemically incorporated triodobenzene monomer was developed and proven to be xray visible. These materials showed significant increases in visibility and toughness compared to previously reported radiopaque SMP systems. Future studies should target increased polymer crosslinking and glass transition temperatures to enable more clinically relevant medical device designs.
